Abstract The importance of flavonoids in rhizospherelegumes symbiosis has been recognized as critical. However, the limited data are available about their impact on soil microbial communities. In rhizosphere, it remains unclear whether flavonoids, mulch or their joint effects influence on soil microbial diversity and enzymes activity. Therefore, in this study, the effects of flavonoids and straw mulching on soil microbial functional diversity, fungi abundance and enzymes activity (dehydrogenases, protease, acid phosphomonoesterase) in pea rhizosphere were evaluated. The field study was conducted in Lublin, Poland (51°15 0 N, 22°35 0 E), on a Haplic Luvisol. Flavonoids were applied on pea seeds and after sowing soil surface was covered with straw mulch. In soil rhizosphere sampled three times during the vegetative period of pea were determined: dehydrogenases, protease and acid phosphomonoesterase activities, metabolic potential of soil bacteria, microbes number and predominant fungal species. The results showed that dehydrogenases and protease activities were significantly increased with time during pea growing season. Significant increase in dehydrogenases activity was observed after flavonoids and mulch influence. There was no impact of studied factors on acid phosphomonoesterase. The effects of flavonoids and mulch on biodiversity indices were related to sampling terms. Straw mulching increased potentially antagonistic fungi in pea rhizosphere. The results of this study can be useful in understanding the effects of flavonoids and mulch on microbial activity and dynamics in pea rhizosphere which is very important in soil quality and crop production.
Introduction
Flavonoids are secondary metabolites that are released by leafs and plant roots into the surrounding soil through root exudation and as a result of root decomposition, turnover and injury (Singh and Prasad 2016) . They play a very important role in rhizobia-legumes symbiosis (D'Haeze and Holsters 2002) . Specific flavonoids released by legume roots attract the rhizobial symbiont and activate expression of rhizobial genes, which are responsible for production of the molecule (Nod factors), that induce infection with rhizobia and nodule formation. Up to now, several studies tested the efficacy of external application of flavonoids on plant growth. Pre-incubation of R. leguminosarum with flavonoids prior to inoculation of pea seeds caused beneficial effects on the nodulation and pod numbers (Begum et al. 2001) . In other study, pre-induction of R. leguminosarum bv. trifolii with clover exudates-contained flavonoids increased clover wet mass of shoots and nodule number (Maj et al. 2010) .
Flavonoids play also a multifunctional role in plantmicrobe communication and microbial growth and activity. Flavonoids have been shown to protect plant from diseases, influenced on N, P, S and micronutrients cycles (Cesco et al. 2012) . It was indicated that flavonoids may play a role as early signals for both rhizobia and arbuscular mycorrhizal fungi AMF (Antunes et al. 2006) . Concentrations as small as 1 lg g -1 dry soil were sufficient to elicit changes in microbial community structure (Guo et al. 2011) . A positive correlation between daidzein concentrations and soil fungi was noted. The genistein concentration showed a correlation with the total PLFA, fungi, bacteria, Gram (?) bacteria and aerobic bacteria in the soil microbial community (Guo et al. 2011) . Under field conditions, microbial biomass carbon positively correlated both with the concentrations of genistein and daidzein in the rhizosphere (Wang et al. 2012) .
Agricultural practices influence soil microorganisms quantity and community structure and soil microbial processes through changes in the plant residues entering the soil, nutrient input and soil biochemical and physical properties. Mulching with plant residues influenced a number of soil properties such as: organic matter content, nutrient availability, structure, porosity, moisture and temperature status. Thus, application of organic mulch may affect crop development and microbial activity. Abdullah (2014) observed beneficial effects of wheat residue incorporation on soil water content, soil organic matter, seed yield and seed oil content of canola compared with no residue treatment. The yields of seeds, protein, oil and water productivity of soybean seeds and biomass were improved by surface straw mulching in years with well rainfall distribution during growing season (Siczek et al. 2015b ). However, in growing season with extended period without or scarce rainfalls, mulch reduced growth and yield of soybean. Enhanced content of microbial biomass and its activity was noted by Tu et al. (2006) under straw mulched in relation to non-mulched soil. The plots with addition of straw had higher values of enzymatic activity, microbial biomass and respiration, reaching similar values to soil under native vegetation (García-Orenes et al. 2010 ). However, straw mulch effect on enzymes activities was strongly dependent on mulching levels and some adverse effects at straw mulching higher than 15,000 kg ha -1 were observed (Zhang et al. 2015) . Straw mulch effect on soil enzymatic activity was also dependent on soil compaction level (Siczek and Frąc 2012) . The study of Govaerts et al. (2007) indicated that soil microbial biomass C and N was significantly higher for residue retention compared to residue removal in a long-term field experiment. Similarly, the average well colour development (AWCD) obtained by the Biolog TM EcoPlate assay was significantly higher for residue retention compared to residue removal.
From the literature review, it appears that flavonoids and straw mulch are of great importance for soil microbe population and activity, and, as consequence, plant growth and yields. However, according to our knowledge, no studies on the effects of flavonoids on microbial functional diversity in pea rhizosphere were performed. The effects of flavonoids may be modulated by straw mulch and so far these effects are not recognized. Therefore, the aim of this study was to determine the effects of flavonoids and straw mulch on the rhizosphere soil microbial parameters such as enzymes activities, microbial functional diversity and abundance during pea growing season. The experiment was performed in Lublin, Poland (51°15 0 N, 22°35 0 E) in 2013.
Materials and methods
Description of the study site and treatments
The field study was conducted in Lublin, Poland (51°15 0 N, 22°35 0 E). The soil was a Haplic Luvisol (according to the FAO-Unesco, World Reference Base 2006). The field was under long-term (30 years) conventional tillage. Main tillage operations included pre-plough, harrowing and mouldboard ploughing (20-25 cm depth). Characteristics of the 0-20-cm soil layer are presented in Table 1 . The study factors were as follows: flavonoids (F) and straw mulch (M). Pea seeds (Pisum sativum L. cv. Tarchalska) were soaked for 30 min with flavonoids (F) or water (control, C) and planted. Three-four days after sowing, a straw mulch (chopped into 3-5-cm long pieces) was applied on the soil surface at a rate of 0.5 kg m -2 . Study treatments were as follows: C (control), F (flavonoids), M (straw mulch) and FM (flavonoids ? straw mulch). The plots (2 m 9 3 m) were organized in four replicates, following the randomized complete block design.
Rainfall and air temperature data were obtained from the meteorological station of the Institute of Agrophysics, Polish Academy of Sciences in Lublin, located 160 m from the experimental site. In reference to the long-term average (552 mm), yearly precipitations in 2013 were similar (565 mm) (Fig. 1) . However, the amount of rainfall during the pea growing season (April-July) was higher in 2013 than the long-term average (by 25%). The mean air temperatures during the pea growing seasons in 2013 and long term were 8.8 and 7.4°C, respectively. 
Preparation of flavonoids
Flavonoids were extracted from sprouted pea seeds (Siczek et al. 2015a) . Briefly, surface sterilized seeds were shaken in darkness and then flavonoids were extracted with ethyl acetate. After evaporation of ethyl acetate, the pellet with flavonoids was resolubilized in 95% ethanol and stored at 4°C. The UV-VIS analysis indicated the presence of isoflavones (e.g., genistein and/or biochanin A) in the exudates. The flavonoids concentration used in this study amounted to 32.2 lm.
Sampling of rhizosphere soil
Samples for microbial analyses were taken from the soil layer of 0-15 cm, three times during the vegetative period of pea: T1 five-six leaf stage, T2 flowering and T3 pod formation. Loosely adhering soil to the roots was shaken off, and then the roots were vigorously shaken. The soil dislodged from the roots was collected as rhizosphere soil. Soil was sieved through a 0.2-cm mesh sieve and used for measurements or stored at 4°C.
Biochemical and microbiological analysis
Dehydrogenases activity was determined by the Thalmann (1968) method, modified by Alef (1995) , with 2,3,5 triphenyl-tetrazolium chloride (TTC) as a substrate. Protease activity was determined according to the Ladd and Butler (1972) method, modified by Alef and Nannipieri (1995) , with soil incubation with a sodium caseinate solution. Tabatabai and Bremner (1969) method was applied for acid phosphomonoesterase activity measurement after soil incubation with p-nitrophenyl disodium phosphate. Enzyme analysis was done in three replicates per treatment. Metabolic potential of soil bacteria communities was evaluated using Biolog EcoPlate TM (Biolog Inc., Hayward, CA, USA) with a 31 carbon sources (Insam 1997) . Each well of the Biolog EcoPlate TM was inoculated with 120 lL of rhizosphere soil inoculum and incubated at 27°C. Absorbance readings were taken every 24 h for 72 h at 590 nm with a plate reader Biolog MicroStation TM . On the basis of data obtained at 72 h, Richness (S), ShannonWeaver (H), E ) and average well colour development (AWCD) indexes were calculated following Garland and Mills (1991) .
The numbers of cultivable bacteria and fungi were determined with the plate method. A medium with soil extract and K 2 HPO 4 , Pseudomonas F Lab-agar, Trypticasein Soy Lab-agar and Martin (1950) media were used for total bacteria, Pseudomonas, Bacillus and fungi count, respectively. Microbe populations were assessed in three repetitions for each treatment. Results were based on ovendry (105°C) weight of soil.
The populations of predominant fungal species in pea rhizosphere were identified based on morphotypic identification of fungal isolates . Strains were identified at the genus level. Cultures were incubated at 26°C for 14 days on different Czapek agar and potato dextrose agar (Biocorp) in three repetitions for each treatment. Macroscopic observation included the colony diameter and shape, conidia colours and level of sporulation. Microscopic observations of the mycelia and conidia were done by an optical microscope. Genus identification was performed using the systematic classification methods of Domsch et al. (1980) and Watanabe (2010) .
Statistical analysis
Statistical analyses were performed with Statistica 10.0 software (StatSoft Inc., Tulsa, OK, USA, 2011). Collected data have been subjected to three-way (enzymes activities, microbial populations, biodiversity indices from EcoPlate) analysis of variance (ANOVA) for the comparison of means, and significant differences were calculated Fig. 1 Mean monthly rainfalls and air temperatures according to post hoc Tukey's HSD (honestly significant differences) test at P \ 0.05 significant level. Cluster analysis, including grouping of treatments and features, was performed on standardized data from the average absorbance values at 72 h (Biolog EcoPlate TM ). To present the similarity of the carbon utilization patterns of the substrates that were located on the Biolog EcoPlate TM between the treatments, a dendrogram was prepared with scaled bond distances on the axis (Ward's method) and boundary marked according to Sneath's criteria (33 and 66%). The data were standardized according to AWCD in each microplate to remove the inoculum density effects (Garland 1997) . The principal component analysis (PCA) was performed for better understanding of the relationship between treatments and biochemical and biological indicators.
Results and discussion
The present study was designed to determine the effects of flavonoids and straw mulch on soil enzymes activity and microbes population and activity in the pea rhizosphere. The rhizosphere, which is the zone of soil that is influenced by root secretions, is of central importance for plant nutrition, health and quality, stress tolerance and nutrient cycling.
Soil enzymatic activity
The results revealed significant and positive effect of flavonoids and mulch (F and FM treatment) on dehydrogenases and protease activities (Table 2) . Flavonoids significantly improved dehydrogenases activity at T2 (48%) and T3 (20%), whilst mulch-at T2 (by 78%), in relation to C. Comparing to control, FM treatment showed higher activities of dehydrogenases at T2 and T3, and protease at T2 (by 66, 60 and 63%, respectively). When annual averages taken into consideration, dehydrogenases and protease were significantly higher than control under all treatments (in the range of 30-55%), except protease under M treatment. Acid phosphatase did not significantly differ between treatments. The most pronounced improvement in relation to C was noticed under FM treatment for both dehydrogenases (55%) and protease (37%).
Thus, application of flavonoids on pea seed and soil mulching may have considerable importance in N cycling and supply of nutrients to the microbial and plant growth. Dehydrogenases that occur intracellular in all living microbial cell play a significant role in the biological oxidation of soil organic matter (OM) by transferring hydrogen from organic substrates to inorganic acceptors (Zhang et al. 2010) . As regards protease, its activity is an important with regard to N cycling in ecosystems, as proteolysis is considered to be a rate-limiting step during N mineralization in soils. It has been estimated that about 40% of the total soil N is proteinaceous (Schulten and Schnitzer 1998) . These results support previous research into this area on beneficial effects of mulch on soil activity (Tu et al. 2006; García-Orenes et al. 2010) . Under field conditions, mulched soybean showed greater values of dehydrogenases, protease, and acid and alkaline phosphatases than unmulched soil (Siczek and Frąc 2012) .
Microbial functional diversity
The effects of F and M on biodiversity indices of soil bacteria was related to sampling terms (Table 3) . AWCD were significantly lower under F at T1 and T3 (by 25 and 54%) as R (10, 25%), whilst E was significantly greater at T2 and T3 (4-6%) than in C. As regards both mulched treatments, significantly greater AWCD were noted at T1 and T3 (24-45%), and lower (14-16%) at T2. H and E increased (P \ 0.05) in mulched treatments comparing to C at T2. After flavonoids application mean values of AWCD and R were significantly lower than under C (25 and 11%, respectively), and E was greater by 4%. There were no significant differences between M and C treatments as regards mean values of biodiversity indices. Figure 2 presents the bond distances between the treatments, where clustering was assessed by the carbon substrates utilization. Taking into consideration Sneath's criterion 33%, four groups (A-D) were distinguished. A similar response was noted under almost all mulched treatments, except FM at T3 (group B) in terms of carbon substrate utilization. Taking into consideration less restrictive Sneath's criterion 66%, 2 groups were found (1 and 2). All mulched treatments and objects from T2 sampling time were in group 1, and C and F treatments at T1 and T3 belonged to group 2.
Microbial abundance
Growth of fungi was impeded under F in relation to C at T3 (34%) ( Table 4 ). It could be seen that applications of mulch significantly hampered growth of fungi at T2 (by 71%) and greatly enhanced growth of Bacillus at T1 and T2, and Pseudomonas at T3 (172, 31 and 84%, respectively), when compared with control. Under FM, stimulation of fungi and Bacillus abundance at T2 in relation to both F and M treatments was noted. At all terms, both F and M did not affect total number of bacteria. Annual averages were significantly higher than control under M (Bacillus and Pseudomonas) and under FM (Bacillus) and lower than C under F and M (fungi). Mulch and time affected significantly all analysed bacterial groups ( Table 5 ).
The current study found that application of straw mulch enhanced the growth of Bacillus and Pseudomonas spp. that are known as plant growth-promoting rhizobacteria (PGPR). These beneficial rhizosphere microorganisms can inhibit the growth or activity of soil-borne pathogenic fungi and bacteria through adverse affect on the population density, dynamics and metabolic activities (Raaijmakers et al. 2009 ). Different Pseudomonas and Bacillus strains showed antibacterial, antifungal or antagonistic activity against plant pathogens (Sturz and Christie 2003; Ahmadzadeh and Tehrani 2009; Sang and Kim 2012) . Some species of this bacteria positively affected legume growth, yield and symbiotic activity (Ahmadzadeh and Tehrani 2009; Zahir et al. 2011) . Thus, mulch application may limit the activity of plant pathogens, modulate microbial activities and might lead to a improvement of pea growth and yield. Similar results were obtained by Tiquia et al. (2002) who observed that the population of culturable rhizosphere Pseudomonas was significantly higher in soil from plots mulched with compost than in the bare soil.
In response to growth stimulation by quercetin or other flavonoids released by plants, many bacteria and fungi may multiply (Hartwig and Phillips 1991; Guo et al. 2011; Wang et al. 2012) . In contrast to those findings, however, no evidence of positive effect of flavonoids on bacterial population in our study was indicated. However, a trend in increasing all analysed bacterial population by F at T1 and decreasing at T2 was noted. F significantly reduced fungi number at T3. The effect of flavonoids on microbial community structure in Different letters within the same parameters indicate statistical differences (P \ 0.05). T1, T2, T3, 5-6 leaf, flowering and pod formation stages of pea development, respectively C control, F flavonoids, M straw mulch Different letters within the same parameters indicate statistical differences (P \ 0.05). T1, T2, T3 5-6 leaf, flowering and pod formation stages of pea development, respectively C control, F flavonoids, M straw mulch, AWCD average well colour development, S Richness, H Shannon-Weaver, E Evenness the soil is connected with their role as a carbon source for some species as well as they can inhibit the growth of others due to their phytoalexin properties (Walker et al. 2003; Hassan and Mathesius 2012) . In this study, cultivable methods for counting of bacteria and fungi were used. Further research should be undertaken for assessment structure and diversity of unculturable microbes with molecular techniques. Fig. 2 Dendrogram of the bond distances between the carbon utilizations patterns of the substrates located on the Biolog EcoPlates TM . Grouping was conducted according to the Sneath's criteria 33 and 66%. C control, F flavonoids, M straw mulch, T1, T2, T3 5-6 leaf, flowering and pod formation stages of pea development, respectively Different letters within the same parameters indicate statistical differences (P \ 0.05). T1, T2, T3 5-6 leaf, flowering and pod formation stages of pea development, respectively C control, F flavonoids, M straw mulch
Pea rhizosphere fungi
As shown in Fig. 3 , flavonoids and mulch caused changes in dominant fungal communities. From pea rhizosphere potentially phytopathogenic (Fusarium, Cladosporium, Acremonium, Alternaria and Phoma) and potentially antagonistic (Penicillium, Aspergillus, Mucor, Trichoderma and Mortierella) genus were isolated. From 4 (M) to 46% (C) phytopathogenic and from 54 (C) to 96% (M) antagonistic isolates were noted. The greatest differences in relation to control were observed under M. Mulch beneficially affected predominant fungal genera by reducing the incidence and diversity of phytopathogenic fungi, and increasing the incidence and diversity of antagonistic fungi. Application of mulch results in appearance of Trichoderma spp. among major fungi isolates in the rhizosphere. It was shown that Trichoderma showed biocontrol effects on soil-borne plant pathogens through secretion of antimicrobial secondary metabolites and chitinases and cellulases (Raaijmakers et al. 2009 ). It may be expected that the high population of the antagonistic Bacillus spp., Pseudomonas spp. and Trichoderma spp. in the mulchtreated soils led to a substantial reduction of the population of phytopathogens.
The beneficial effect of mulch on the bacterial population and enzymes activities could be related with the influence on soil physical and chemical characteristics (Jin et al. 2009 ). Under the same climatic conditions, straw mulch lowered the daily temperature and moisture phosphomonoesterase activity, DHA dehydrogenases activity, PA protease activity, AWCD average well colour development, S Richness, H Shannon-Weaver, E Evenness fluctuation (Siczek et al. 2015b) . It was shown that soil temperature significantly affected the count of soil microorganisms and enzymes activities (Borowik and Wyszkowska 2016) . Another possible explanation for changes the microbial activity during pea vegetation is decomposition of carbon compounds derived from the residues and leached through the soil profile because of rain (Coppens et al. 2006; Pascault et al. 2010) . Seasonal variation of AWCD from EcoPlates was observed under mulched soils: at T1 and T3 mulch increased (P \ 0.05), and at T2 decreased its values when comparing with the control.
It is interesting to note that when flavonoids and mulch were used simultaneously, the effects on some parameters, like fungi and Bacillus numbers, AWCD, dehydrogenases and protease activities increased significantly in relation to the treatments with those factors used separately. However, some other parameters like E and Pseudomonas number were lower.
The principal component ordination based on soil variables for particular treatments was done to notice differences among flavonoids and mulch application within the microbiological indicators. The results for soil microbial variables showed overall differences among treatments (Fig. 4) . The trend of microbial variables in control soil and treatment with flavonoids was similar showing the highest influence of applied factors on average well colour development (AWCD), Bacillus (BC) and richness (S). The values of dehydrogenases (DHA), protease (PA) and Pseudomonas (PS) parameters had a great contribution for discrimination of the treatment with flavonoids and straw mulch as it was not significantly related across the other treatments investigated. However, only Shannon index (H) was considered as common indicator among all tested treatments as it was not related to the control soil. Moreover, the distinction of C, F, M and FM seems to be driven by contrasts between bacterial variables (PS, BC, AWCD) along the variation axis. The PCA results showed that soil microbial variables significantly related to ordination axes contribute the importance of these variables.
Conclusion
In summary, the results from this study proved that mulching increases potentially antagonistic fungi in pea rhizosphere. The results of this study help understand the effects of flavonoids and mulch on microbial activity and dynamics in pea rhizosphere, which can be useful for the development of suitable way to manage microbial processes and, as a consequence, soil quality and crop production.
